Gas rich sub-galactic halos with mass M t ≤ 10 8 M ⊙ , while incapable of forming stars due to lack of adequate coolants, do exist in abundance at cosmological reionization. The reionization of the universe has an interesting physical effect on these halos. The sudden rise of the external radiation field causes a synchronous inward propagation of an ionization radiation front towards each halo and a large thermal pressure jump is immediately established at a halo-centric radius (outside the virial radius) of approximately unity optical depth. An inward, spherical, convergent shock then commences. We show that the resident gas of mass M b ∼ 10 4 − 10 7 M ⊙ in low spin (initial dimensionless spin parameter λ ≤ 0.01) halos with a velocity dispersion σ v ≤ 10 km/s would be compressed by a factor of ∼ 100 in radius and form self-gravitating baryonic systems. Such gaseous systems fragment to form stars, blow away remaining gas and become stellar systems of size ∼ 1 − 10 pc, velocity dispersion ∼ 1 − 10km/s and a total stellar mass of M * ∼ 10 3 −10 6 M ⊙ . Their characteristics seem to match the observed properties of halo globular clusters. We suggest that these stellar systems are seen as old halo globular clusters today.
INTRODUCTION
pointed out insightfully that there appears to exist two separate populations of globular clusters in the Galaxy: one which is spherically distributed, has low metallicity with no radial metallicity gradient and low rotation, the other which is more concentrated towards the Galactic center and has high metallicity, a gradient in metallicity and high rotation. Such a dichotomy seems to be shared by other galaxies (e.g., Ashman & Bird 1993; Forbes, Grillmair, & Smith 1997; Forbes, Brodie, & Huchra 1997; Kundu 1999; Gebhardt & Kissler-Patig 1999; Barmby et al. 2000; Beasley et al. 2000) . The first population, the old halo globular clusters both in the Galaxy and in external galaxies, display an additional array of interesting properties (Harris 1991) . First, they are old with age ≥ 10Gyr. Second, their characteristics are uniform across all galaxy types and sizes. Third, their mass function resembles a power-law (∝ M −1.7 to −2.0 ) at the high mass end.
It has been a long standing challenge to explain such features. Several important theoretical models including the pre-galactic Jeans mass based model (Peebles & Dicke 1968) and the secondary thermal instability based model (Fall & Rees 1985) have been put forth but may not be without some apparent difficulties (Harris & Pudritz 1994; Meylan & Heggie 1997) . A fully consistent model for the origin of the old halo globular clusters remains unavailable. In this Letter, we suggest that the reionization of the universe could trigger a simultaneous formation of sub-galactic systems at that epoch, whose characteristics match remarkably well those of the observed old halo globular clusters.
FORMATION OF GLOBULAR CLUSTERS AT COSMOLOGICAL REIONIZATION
In the standard picture of structure formation, the universe is thought to be reionized mostly by photons from quasars or stellar systems more massive than 10 9 M ⊙ (Haiman, Rees & Loeb 1997; . Less massive systems, after having produced a trace amount of stars (Pop III) at an earlier epoch, can no longer form stars due to lack of cooling processes (Haiman, Thoul, & Loeb 1996; Haiman, Rees & Loeb 1997; Tegmark et al. 1997) . When the universe becomes reionized and transparent, a phase which is likely to be rather brief , a meta-galactic ionizing radiation field is quickly established. The following cosmological model is used in the subsequent analysis: Ω CDM = 0.26, Ω b = 0.04, Λ = 0.7, H 0 = 65km/sec/Mpc and σ 8 = 1.0.
Small halos with neutral gas sitting idly within (i.e., without internal radiating sources) suddenly see a sea of radiation approaching, when the universe becomes reionized. We will show that this radiation field has a dramatic dynamic effect on the small halos. While an exact treatment of this process is quite intricate and would require detailed three-dimensional radiation-hydrodynamical simulations, we present a simple analysis that we believe captures the essence of the process. To make the calculations relatively tractable, we assume, without loss of primary characteristic features, that the halos are initially spherical with the following density profile:
where ρ v ≡ 200ρ crit (z) is the density at the virial radius r v and ρ crit (z) is the critical density at redshift z. The virial mass of the halo (i.e., the total mass interior to r v ) is
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where G is the gravitational constant. We assume that the ratio of gas to total mass in the halos under consideration is equal to the global baryon to total mass ratio R ≡ Ω b /Ω t . The total mass within the radial range r v to r > r v (outside the virial radius) is
The optical depth for hydrogen ionizing photons from infinity to r > r v is
where f H = 0.76 is the hydrogen mass fraction of baryons; m p is the proton mass; andσ H is the effective (frequencyaveraged) hydrogen photoionization cross section, which is equal to 1.6 × 10 −18 cm 2 for a power-law radiation field with index n = −2 (adopted below). Rewriting equation (5) gives the radius at optical depth τ
Near the completion of cosmological reionization, the external ionization radiation front rapidly propagates towards a halo at a speed
at r > r v , where J ν ≡ ∞ ν0 4πj ν dν/hν is the number of ionizing photons per cm 2 sec and j ν is the intensity of the meta-galactic radiation field. If we assume that j ν = j LL,21 10
1/2 km/sec at τ = 1 (for β = 2), which is much faster than the sound speed of the ionized medium (∼ 10 km/s) for reasonable values of j LL,21 and M v of interest. Therefore, the ionization front may be assumed to travel instantaneously. For the present analysis we assume that the initial thermal pressure jump, which separates ionized, heated external gas from neutral, cold internal gas, is established at the radius, r 1 , where the optical depth is unity (equation 6). In our case r 1 turns out to be always significantly greater than r v . The ionizing radiation intensity is rapidly attentuated inward of r 1 . For example, τ = 4 at r = 0.5r 1 .
The pressure discontinuity at r 1 results in an inward spherical shock. We will make some simplifying assumptions to treat such a shock. We assume that the shock is strong and the material that is swept up along its way is accumulated in a thin shell obeying the momentum equation
where M s is the gas mass within the shell; v s is the velocity of the shell; M (< r) is the total mass interior to radius r; the first term and the two terms within the parentheses on the right hand side are due to gravity, external and internal pressure, respectively. In addition, we assume that dark matter does not respond to the motion of the gas, which is unlikely to be in serious error for the derivation of η (see below). In any case, our assumption is conservative in the sense that an inclusion of dark matter response to the gas collapse would enhance the collapse of halo gas. It is instructive and convenient to divide the calculation into two parts: r v < r < r 1 and 0 < r < r v . In the range r v < r < r 1 we assume that the gas is initially cold (i.e., p int may be ignored) and p ext = Rρ v (r 1 /r v ) −3 kT ri /m p is constant (since the shell gets accelerated inward, most of the imparted momentum by the external pressure is at large radii and thus the assumption does not make a large error), where k is the Boltzmann constant and T ri is the temperature of the ionized gas. We integrate the momentum equation (8) numerically in this radial range and obtain the velocity of the shell reaching r = r v to be v v . Now consider the second part of the integration at 0 < r < r v . If the shell travels supersonically, the downstream pressure is undisturbed. Since initially the gas in the virialized region at 0 < r < r v is in hydrostatic equilibrium, the interior region to the shell will remain in hydrostatic equilibrium. In other words, for a shell traveling supersonically, the gravitational force and interior pressure force just cancel out. For simplicity (but conservatively), we ignore the external pressure, which is justified by noting that the imparted momentum by the external pressure from r 1 to r v is 4π(r 3 1 − r 3 v )p ext /3v s , much greater than 4πr 3 v p ext /3v s , that imparted from r v to r = 0 (assuming, conservatively, a constant external pressure). We also ignore the own weight of the shell, which is small until the shell becomes self-gravitating. Then, the shell will simply cruise, as long as it remains supersonic, except that it slows down due to the swept-up gas. Therefore, the momentum condition that the shell can reach the center of the halo can be expressed as
where the parenthesized term is the ratio of the accumulated shell mass when it reaches r v to the total shell mass if the shell reaches r = 0; σ v , the velocity dispersion, is used as the isothermal sound speed of the gas at r < r v . Note that if equation (9) is not met and the shell slows down to a subsonic speed at some radius (likely at a large radius since most of the mass is at large radii), the interior gas will adjust its pressure causing the interior gas to be adiabatically compressed, which will quickly build up the internal pressure and cause the shell to slow down and eventually to stop. The self-gravity of the shell provides some confinement to keep the shell thin. When the selfgravity becomes comparable to the original mass of the halo, it starts to significantly accelerate inward in the final phase before it shocks, cools, fragments and virializes, resulting in a final configuration that may have a significantly higher velocity dispersion than the original halo. 4 Kelvin at z ri = 8. The chosen reionization epoch of z ri is arbitrary but consistent with our current understanding (e.g., ) and the adopted value of radiation ionized gas temperature is somewhat moderate [Miralda-Escudé & Rees (1994) note that the post ionization temperature may be as high as 5 × 10
4 Kelvin]. The dependence of σ crit where η = 1 on
ri . We see that halos with velocity dispersion σ v ≤ 7.8 km/sec could collapse momentumwise. The dashed curve is the total collapsed baryonic mass M gas (see the right vertical axis) and the dot-dashed curve is M GC = 0.3M gas , where 0.3 is a putative value for star formation efficiency (see below for further discussion). We see that compact, baryonic systems with mass M gas ≤ 4 × 10 6 M ⊙ may form.
Fig. 1.-shows η (equation 9; solid curve) as a function of halo velocity dispersion σv, with a temperature of the radiation ionized gas of T ri = 3 × 10 4 Kelvin at z ri = 8. The long dashed curve is the total collapsed baryonic mass Mgas (see the right vertical axis) and the dot-dashed curve is M GC = 0.3Mgas, where 0.3 is an adopted star formation efficiency.
Let us ask how much compression is required to produce globular cluster like systems. Figure 2 shows the initial virial radius (solid curve) and the radius of the compressed gas cloud whose velocity dispersion is σ cm = σ v /0.3 (short dashed curve) as a function of halo velocity dispersion at z ri = 8. We see that the gas clouds need to be compressed by a factor of ∼ 100. Note that with such a large compression the dark matter would become a small fraction (of order 5%) of the final total mass. A compressed gas cloud will be flattened (due to angular momentum) and shocked, cool, fragment and form stars. The first generation of stars formed will likely blow away most of the remaining gas almost immediately by supernova explosions (Dekel & Silk 1986; Mac Low & Ferrara 1999) . We know very little about high redshift star formation, and simply assume that the star formation efficiency is 30%. Note that the mean baryonic number density in the compressed cloud is of order 100 cm −3 , comparable to that of a molecular cloud, with the actual final density in a flattened disk probably even higher, matching that of molecular cloud cores (Friberg & Hjalmarson 1990; Goldsmith 1987) . After the remaining gas is lost as a wind, the cloud will expand by approximately a factor of ∼ 1/0.3 and result in a final stellar system with a velocity dispersion of σ GC = 0.3 × σ cm = σ v and a size shown as the long dashed curve in Figure 2 . We see that the typical size of such a stellar system is between 1 − 30 pc. Both the assumption that the final stellar system has the same velocity dispersion as the initial host halo and the fudge factor 1/0.3 in setting σ cm are rather arbitrary, although these two parameters are degenerate and can be condensed into a single parameter. But small variations would not change the results qualitatively. Nevertheless, detailed simulations will be necessary to definitively quantify them. Fig. 2. -shows the initial virial radius (solid curve), the radius of the compressed gas cloud (short dashed curve) and the final radius of stellar system (globular cluster) (long dashed curve), as a function of velocity dispersion at z ri = 8.
It is yet unclear whether the required gas compression indicated in Figure 2 is achievable in real halos, even if the condition η > 1 (equation 9) is met. The critical issue here is that a finite angular momentum of the halo gas before compression (Peebles 1969; White 1984) could set a maximum compression factor. Let us denote the initial spin parameter of the halo (both gas and dark matter) as
, then the final spin parameter of the gas cloud is (assuming no loss of angular momentum) λ f ≈ λ i R −1 σ cm /σ v ≈ 25λ i (for the short dashed curve in Figure 2 ). Therefore, a typical halo with λ i ∼ 0.05 (Barnes & Efstathiou 1987; Ueda et al. 1994; Steinmetz & Bartelmann 1995; Cole & Lacey 1996) would give λ f ∼ 1.25. Clearly, only halos with spin parameter values significant lower than the typical value can be adequately compressed to form the globular cluster like systems. Are there enough number of such low spin halos at z ∼ 8? Figure 3 shows the cumulative fraction of total mass in halos at z = 8 (solid curve) using the Press-Schechter (1976) formula. The region left of the vertical (long dashed) line has η ≥ 1 (equation 9). We see that the (total) mass fraction of halos that meet the condition indicated by equation (9) is approximately 10%. As numerical simulations have shown that the angular momentum parameter distribution is quite broad with the 80% range being ∼ 0.01 − 0.10 (Ueda et al. 1994; Steinmetz & Bartelmann 1995; Cole & Lacey 1996) ; there are 10% of halos having λ i ≤ 0.01, which would give λ f ≤ 0.125 in our model [when being compressed by a factor of ∼ 100 to r cm (short dashed curve) in Figure 2 ]. If 10% of the halos form globular clusters, the resultant density parameter is Ω GC,comp ≈ 0.3 × 2.8 × Ω b × 10% × 10% ≈ 3 × 10 −4 (the factor 2.8 approximates the ratio of the total swept-up gas mass over the gas mass within the virial radius). The observed ratio of globular cluster mass over total Galactic baryonic mass today is approximately 0.25% (Harris & Racine 1979) , giving Ω GC,obs = 0.0025Ω * = 1.5 × 10 −5 , where Ω * = 0.006 is the stellar mass density (e.g., Gnedin & Ostriker 1992) . Evidently, there are enough low spin halos in the indicated mass range that could account for the observed halo globular clusters. It may be that the initial Ω GC is significantly larger than the presently observed value, because a large fraction (perhaps relatively faster spinning) of the initial globular clusters have largely evaporated or disrupted in time and now are a part of the halo stellar population. Figure 1 . The dotted curve is the cumulative mass fraction in halos, f (> M ), and the dashed curve indicates the slope of a power-law mass function,
The issue of exactly what the threshold of the spin parameter is in order to form a globular cluster system can only be settled by detailed simulations. Likely, at some radius the inward shock will no longer remain spherical due to angular momentum induced flattening. Subsequent collapse may occur in a pancaking fashion with no significant further compression in the pancake plane.
DISCUSSION
The dotted curve in Figure 3 is the computed mass fraction of halos, n(M ), using the Press-Schechter formula and the dashed curve a power-law mass function, n(M )dM ∝ M −2 dM . A globular cluster mass function of n(M )dM = M −2 dM seems to be borne out naturally in this picture, in excellent agreement with observations for globular clusters more massive than 10 5 M ⊙ (Surdin 1979; Racine 1980; Richtler 1992) . On the other hand, observations indicate a shallow slope at lower mass. We note that, while compressed gas clouds with mass ≥ 3 × 10 5 M ⊙ (corresponding to final globular cluster mass ≥ 1 × 10 5 M ⊙ ) would have a virial temperature of > 1.5 × 10 4 K where atomic cooling is sufficient, lower mass clouds would require cooling provided by hydrogen molecules and will be less efficient for cooling, contraction and fragmentation. This may account for the shallower slope of the globular cluster mass function at M GC < 10 5 M ⊙ . In addition, disruptive effects during subsequent dynamical evolution of globular clusters tend to work against low mass systems (Chernoff, Kochanek, & Shapiro 1986; Chernoff & Shapiro 1987; Spitzer 1987; Aguilar, Hut, & Ostriker 1988; Chernoff & Weinberg 1990; Harris 1991; Goodman 1993; .
It is likely that a large fraction of the initial globular clusters may possess a significant amount of angular momentum and their initial shapes may be significantly flattened. While much more work is needed to quantify the dynamical evolution of rotating many-body stellar systems (e.g., Einsel & Spurzem 1999), Akiyama & Sugimoto (1989) show that initially rotating stellar systems tend to become rounder with time. Although it is not possible at present to make useful comparisons with observations, some initial rotation of the globular clusters might be preferred by extant observations (e.g., White & Shawl 1987) , Simulations of Ueda et al. (1994) (also Cole & Lacey 1996) show a correlation between average spin parameterλ i and halo mass,λ i ∝ M −0.2±0.1 v , for massive (galaxy size) systems that they simulate. If we assume that for the halos in question a similar correlation exist, such asλ i ∝ M −1/6 v , and that gas clouds of all halos are compressed to a state of comparable final spin parameter, then the average final cloud radiusr GC ∝ r vλ
v ), i.e., the average final radius of the globular clusters is independent of the initial mass of the halo, in agreement with the observed lack of correlation between the half-light radius and the luminosity (Djorgovski & Meylan 1994) . Of course, since there is a range in the initial spin parameter values, there will be a corresponding spread in the sizes of globular clusters, as observed. Since the final velocity dispersion of a globular cluster is
, in agreement with the observed correlation σ GC ∝ L 0.6±0.15 (as well as the observed correlation with surface brightness σ GC ∝ I 0.45±0.05 h ) (Djorgovski & Meylan 1994) . A prediction that may be made is that the logarithmic dispersion in σ GC in the σ GC − L correlation should be about half the size of the logarithmic dispersion in the size of globular clusters, which seems to be in agreement with observations (Djorgovski & Meylan 1994 ).
There appears to exist a tendency for halos with relatively large λ to reside preferentially in low density regions (e.g., Ueda et al. 1994 ). This effect would conceivably produce the observed correlation of the specific frequency with galaxy type in that early type galaxies have a high number of globular clusters per unit galactic luminosity than late type galaxies (Harris 1991) . This arises because early type galaxies originate from initial higher density peaks and would have (on average) lower spins and thus higher specific frequencies. Quite intriguing is that this trend might have some bearing on the formation of spiral and elliptical galaxies and Hubble sequence. But within a similar galaxy type, the number of globular clusters in a galaxy may simply be proportional to the mass or luminosity of the galaxy, as observed (Hanes 1977; Harris & Racine 1979) , since the mass of a galaxy basically indicates the size of the initial (comoving) region from which it has collected matter hence proprotionally the number of globular clusters. More certain is that the range of properties of globular clusters such as size, luminosity and velocity dispersion should be quite uniform across all galaxies, independent of size, type, age, etc, as observed (Harris 1991) . This is due to the fact the formation of globular clusters in the present model has little correlation with later large-scale density fluctuations that form galaxies (except the correlation between spin and overdensity mentioned above).
It may be reasonable to assume that the first generation of stars (with the assumed formation efficiency of 30%) completely blows away the remaining gas, except for perhaps the most massive globular clusters (Dekel & Silk 1986; Mac Low & Ferrara 1999) ; in other words, selfenrichment does not take place in globular clusters. This is in agreement with the extreme internal chemical homogeneity of most globular clusters (cf. Larson 1988) , with the exception of the most massive systems such as ω Cen where some chemical inhomogeneities are seen (Cohen 1981) .
While halo globular clusters depicted here should be, on average, metal poor, as observed (Zinn 1985) , it is also expected that they may have a range in metallicity due to the fact that the metallicity distribution in the early universe may fluctuate widely with significantly skewed distribution due to spotty Pop III star formation. In other words, the pre-enrichment history of each globular may be quite disparate. It may be expected that larger galaxies that formed by collecting matter in a larger (comoving) region are expected to display higher metallicity and a larger variance in metallicity, in agreement with observations (Harris 1991) . However, since metallicity does not play a noticeable role in the formation of individual globular clusters in our model, it should be expected to show little correlation with any other quantities, such as luminosity, size, velocity dispersion, in agreement with observations (Djorgovski & Meylan 1994) .
It should be noted that the same picture proposed here may also take place within large individual HII regions of an luminous ionizing sources (QSOs or large galaxies) before they overlap to complete the reionization process. Furthermore, if the universe was reionized only once, our model indicates that the age spread of globular clusters should be less than 1 Gyr. However, if universe went through a second, separate reionization phase of singly ionized helium at lower redshift (z ∼ 3), as recent observations hint (e.g., Reimers et al. 1997) , then some globular clusters may form by a similar process at lower redshift. Since a larger compression in radius of the halo gas would be required to form comparable stellar systems as in the high redshift case, a much smaller number of halos would form from a much smaller tail of lower spin halos. An age spread of ∼ 2Gyrs among some globular clusters may result, perhaps more consistent with observation (Bolte 1989; Green & Norris 1990; VandenBerg, Bolte, & Stetson 1990; Sarajedini & Demarque 1990 ; but see Stetson, Vandenberg, & Bolte 1996) .
Finally, it seems inevitable that a fraction of the original globular clusters may be in the intergalactic space where no larger galaxies were formed to collect them, possibly at a somewhat younger dynamic state than Galactic halo globular clusters due to lack of external dynamical effects. The exact number density of intergalactic globular clusters depends sensitively on the angular momentum distribution of halos in low density regions and requires more detailed calculations for quantification. No doubt it will be important to search for them with the next generation of large telescopes.
CONCLUSIONS
Radiation from stars in galaxies with mass M t > 10 9 M ⊙ or quasars are thought to be mostly likely responsible for reionizing the universe at redshift z ∼ 6 − 20. However, a large fraction of mass resides in density concentrations on smaller mass scales, i.e., gas rich sub-galactic halos with mass M t < 10 8 M ⊙ . These smaller systems can not cool to form stars without external help. Reionization of the universe has an interesting dynamic effect on these halos. The sudden rise of the external radiation field causes a synchronous propagation of an inward, spherical, convergent shock towards each halo. We show that, for halos with a velocity dispersion σ v ≤ 10 km/s, the resident gas of mass M b ∼ 10 4 − 10 7 M ⊙ will be compressed. For a significant fraction of these halos that have relatively low initial angular momentum (λ ≤ 0.01), a compression of a factor of ∼ 100 in radius is possible and a compact selfgravitating baryonic system forms. Such a gaseous system fragments to form stars and becomes a stellar system of size ∼ 1 − 10 pc, velocity dispersion ∼ 1 − 10km/s and a total stellar mass of M s ∼ 10 3 − 10 6 M ⊙ . Their expected properties all seem to be in agreement with the observed salient features of halo globular clusters, as discussed in the previous section. We propose that these stellar systems represent the initial state of the presently observed old halo globular clusters.
It will be important to systematically search for high redshift as well as intergalactic globular clusters, because they will provide tests of the proposed model and could potentially shed light on the general formation picture of galaxies. Also important is to make detailed radiationhydrodynamic simulations with high resolution and superior shock resolving power to study the reionization process and follow the dynamics of gas collapse. Both are formidable challenges.
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